Abstract-This work presents a manually assembled threedimensional (3-D) silicon platform structure that fully houses a microsystem containing sensors and the necessary system electronics including the power supply. The unique design of this platform provides a supporting package in a 3-D form factor, as well as routing capabilities with orthogonal mechanical and electrical connections between the assembled internal sides. An example platform is fabricated to realize an autonomous datalogging inertial measurement unit (IMU). The IMU consists of a programmable microcontroller, Flash memory, a three-axis accelerometer and a three-axis gyroscope. Double-sided polished, 250 µm-thick silicon wafers are processed using standard microfabrication techniques to produce the individual platform pieces. Sensor data, at a rate of 100Hz, is collected via a microcontroller and stored in the on-board Flash memory. Reliable and repeatable inertial data are collected with maximum power consumption of ~16 mW, and the duration of data-logging capability of ~48 hours. It is envisioned that extensions of this 3-D platform, combined with standard microfabrication techniques, will enable the integration of a variety of heterogeneous materials and devices with a form factor that reduces planar footprint and expands 3-D design space. Through-wafer vias can be used to integrate more functionality per surface area by increasing the interconnect density and allowing both the front and backside of the wafers to be populated with either fabricated or mounted devices.
INTRODUCTION
Microsystem platforms with 3-D form factor enable new applications, particularly for circumferential and cylindrical sensing and actuation requirements. For example, a 3-D ultrasonic imaging platform has been demonstrated by using planar, micromachined, capacitive array transducers wrapped around a hexagonal silicone structure to simultaneously image in seven directions [1] . This platform's multi-directional imaging functionality proves to be ideal for medical applications such as intravascular ultrasound and capsule ultrasound endoscopy.
Another example of a 3-D microsystem platform is the micromachined WIMS Cube [2, 3] . In one embodiment, the WIMS Cube is fabricated out of polycrystalline diamond, which prohibits eventual fabrication of integrated circuits or MEMS devices into the sidewalls and/or base pieces of the Cube [2] . This severely limits the integration density of the platform, limited to the number of dies that can fit within the Cube's volume.
In another embodiment, the Cube is fabricated using silicon wafers [3] , however, the sidewalls are dedicated for intra-die communication and additional functionality cannot be easily integrated into the Cube structure. Furthermore, both 3-D microsystems mentioned above can only be constructed from a single wafer source and cannot facilitate a heterogeneous structure made from different substrate materials.
Herein the development of a microfabricated 3-D platform is presented that advances the existing designs in a number of ways. The platform structure is fabricated from silicon wafers and assembled into a completely enclosed rectangular box (12x12x25 mm 3 ). The process creates robust and stable mechanical and electrical intra-platform connections and provides the ability to create a heterogeneous structure. By targeting these design specifications, this platform structure eliminates the limitations of other 3-D platforms and expands the design space to applications with 3-D functionality.
II. THE 3-D PLATFORM

A. Design Overview
The platform is comprised of six, silicon planar segment pieces that all have 1 mm long interdigitated teeth features around the periphery. Figure 1 shows all the segment pieces, excluding the Top segment, which are the Sensor, Control, Power and End Cap segments. Four orthogonal solder joints are created between the Sensor and Control segments for power and I2C communication between the microcontroller and three-axis sensors. In addition, three orthogonal solder joint connections are created between the Control and Power segments to provide a stable voltage source and current drive for the entire platform. One of the End Cap segments has an opening to connect to an 8-pin connector for microcontroller programming and retrieving acquired data stored in the Flash memory. 
B. Fabrication
The 3-D platform realized in this work is fabricated using standard surface and bulk micromachining techniques on a 250 µm-thick (111) silicon wafer and a four mask process. First, a 300 nm-thick thermal oxide passivation layer is grown. The two metal routing layers are formed by evaporating Au/Ti (300 nm/ 10 nm). A 540 nm PECVD TEOS oxide deposition is performed to create an oxide electrical isolation layer between metal layers followed by a buffered oxide etch to create windows for metal via interconnection on the first metallization as well as electrical component bond pads and orthogonal solder joints for the second layer. Lastly, a through-wafer DRIE etch is performed to create the individual platform segment pieces ready for manual assembly.
C. Assembly
Before assembling the 3-D structure all the integrated circuits (ICs) and passive components should be soldered to their respective platform segments. To do so, each element is placed on a bare, 250 µm-thick silicon wafer. Using a needle, a small amount of 60Pb-40In solder paste (Indium Corporation, #206) is manually applied to the passive component and IC bond pad sites. Using tweezers, the passive components and ICs are manually placed on the bond pad locations. The bare wafer is then placed on a 230ºC hotplate for 20 seconds or until the solder reflows ( Fig. 2(a) ). After cooling, electrical checks are performed to verify the success of the soldering process.
Using an assembly jig made from FR-4 with a machined 90° triangular notch, the Control and Power segments are jointed together and small drops of Silastic™, a silicone elastomer, are placed at the seam created by the two segments ( Fig. 2(b) ). The FR-4 jig is then placed under a 100ºC, infrared heat source for 15min to cure the Silastic™. The same steps are repeated to attach an end cap platform segment to make sure the platform segments are orthogonal to each other. This is critical when the orthogonal solder joints are created (Fig. 2(c) ). TACFLUX™ (Indium Corporation) is applied with a needle to the bond pad sites for the orthogonal solder joint locations. Then, 15 mil diameter, preformed 63Sn-37Pb solder spheres are placed on each bond pad site such that adjacent solder spheres are touching each other to form a connection across the segment pieces ( Fig. 2(d) indicated by the needle tool). The platform structure is then placed on a bare, 250 µm-thick silicon wafer and then on to a 190ºC hotplate for 20 seconds or until the solder spheres reflow and form the orthogonal, intra-platform solder joints. Placing the platform on the hotplate does not affect the adhesive properties of the Silastic™ elastomer.
Lastly, the battery holder terminals are soldered to the platform with the 60Pb-40In solder paste, followed by attaching the End Cap segment to the platform structure with Silastic™ as previously mentioned. The Sensor segment is attached per the method previously described by creating orthogonal solder joint connections to the Control segment. Figure 3 shows the platform structure with the integrated battery holder and an unattached Power segment and next to it a fully-assembled platform. The Top platform segment is fixed into place by using a small drops of cyanoacrylate glue placed on each of the four edges. Removal of the Top segment is done by simply placing the top side of the platform in a small dish of acetone for five minutes to dissolve the glue. The Control platform segments contain the Texas Instruments (TI) TMS430F2122 microcontroller, Silicon Storage Technology SST25VF020 2-Mbit Flash memory, and an 8-pin Omnetics Corp. PZN Series connector. The Sensor segment contains a Bosch BMA020 three-axis accelerometer and an InvenSense ITG-3200 three-axis gyroscope. The Power segment contains a TI TPS60211 low-ripple charge pump to provide the necessary IMU system drive current. Two Energizer 377 coin cell batteries (6.8 mm dia.) provide the input voltage to the charge pump. The IMU system schematic is shown in Fig. 4 .
The microcontroller data-logging program acquires threeaxis acceleration and rotation rate data at a rate of 100 Hz via the I2C bus which operates at 100 kHz. The acquired data is stored in the Flash memory device every sample period via the microcontroller's serial peripheral interface (SPI) which also operates at 100 kHz. This continues until the Flash memory reaches full capacity and any additional collected data is discarded.
To retrieve the IMU data stored in the Flash memory, the microcontroller is reprogrammed to serially transmit the data via the microcontroller Timer UART to an RS-232 transceiver and ultimately to a personal computer for further processing and display. 
IV. RESULTS AND DISCUSSION
A. IMU Platform Static Testing
A two-degree-of-freedom test-fixture is used to perform the static testing as shown in Fig. 5 . The test-fixture is comprised of two precision rotation stages (Newport RS65 and UTR80). The entire fixture is secured to an optical table to minimize vibrations during testing. The 3-D IMU platform is secured to a plastic plate using cyanoacrylate and then to the test fixture using screws. The IMU was subjected to the test rotation plan where each of the sensor's sensitive axes eventually point either up or down. Each 90º rotation is performed manually in a smooth manner, and the test position is held for 10 seconds before proceeding to the next test position. Repeated trials (n=5) were performed and the collected data is plotted in Fig. 6 for each of the three recorded acceleration axes. The five repeated trials all show good acceleration data repeatability and system reliability as the data matches the expected results based on the platform position for each test position. Gyroscope data could not be acquired due to I2C timing related issues resulting from high capacitance values on the I2C clock line. This issue is discussed in detail below. 
B. Capacitance-based Timing Issue on the I2C Clock Signal
Upon successful platform assembly and electrical connectivity of the IC components, I2C communication between both sensors and the microcontroller failed. The 4.7 kΩ I2C pull-up resistors were replaced with 1.0 kΩ resistors and successful I2C communication resulted only with the three-axis accelerometer. A 2-D, PCB-based replica of the 3-D platform was created using similar signal routing traces and the measured capacitance was 768 pF and 88 pF for the 3-D silicon platform and 2-D PCB platform I2C clock traces (SCL), respectively. Also, the measured capacitance for the I2C data traces (SDA) was 941 pF and 105 pF for the 3-D platform and PCB-based platform, respectively.
Using the PCB-based replica, 670 pF was added to the SCL traces, 940 pF to the SDA traces, and 1.0 kΩ pull-up resistors to mimic the 3-D platform electrical characteristics.
Communication was successful with the accelerometer but the gyroscope failed in the same manner as the 3-D platform. The SCL line capacitance was reduced to 658 pF and successful I2C communication resulted with both three-axis sensors. It is hypothesized that reducing the 3-D silicon platform SCL trace capacitance by 110 pF would create a fully-functional IMU system. This could be accomplished by shortening the length of the SCL clock trace by routing optimization or using a thicker passivation oxide layer to reduce the capacitance between the SCL line and silicon substrate.
C. Power Consumption and Data-Logging Durations
The power consumption for the 3.3V, 3-D platform performing data-logging with operating conditions described above is summarized in Table I . This represents the maximum power consumption as the accelerometer and gyroscope low-power modes were not utilized and 1.0 kΩ pull-up resistors were needed to resolve the I2C capacitance issue described above. The existing platform configuration can acquire ~3.5 minutes of three-axis acceleration and rotation rate data. The system can be configured to have a 2 Hz sample rate and 32 Mbit, pin-compatible Flash memory which would enable a maximum of ~48.5 hours of data collection. 
D. Pressure and Mechanical Strength Simulation Results
Finite-element modeling simulations were performed using the COMSOL MultiPhysics™ structural mechanics module with the following isotropic, silicon material properties: Young's Modulus = 186.5 GPa; Poisson's Ratio = 0.26; and density = 2,329 kg/m 3 . Compressive and shear pressure scenarios were simulated by applying pressure to the Top segment of the platform while the Control or Sensor platform segment was fixed, respectively. Simulations were performed for four cases: the existing platform and 12, 5 and 1.5 mm 3 cubic platforms.
A fracture is assumed to occur if any stress greater than 3.5 GPa is found within the silicon structures [4, 5] . The existing platform and 1.5 mm 3 cube can withstand maximum compressive pressures of 4.30 GPa and 261.11 GPa, and shear pressures of 2.63 GPa and 195.82 GPa, respectively. There is an enormous mechanical strength advantage for reducing the volume of the platform and maintaining a cubic form factor as seen in Fig. 7 . 
V. CONCLUSION
A unique 3-D silicon platform is successfully created that houses all the necessary electronic components and the required power supply to realize a functional IMU. The 3-D rectilinear platform structure is created from planar component pieces, which are then assembled to electrically route internal signals between different platform pieces via orthogonal solder joints. The platform's mechanical strength can be further increased by reducing the overall volume and maintaining a cubic shape. The capacitive loading on the platform measured nearly an order of magnitude greater compared to a 2-D, PCB-based replica of the IMU system. Therefore, extreme care must be given to time critical electrical signals. The 3-D platform enables diverse system integration techniques where individual planar component pieces can be fabricated using different substrates, materials and/or microfabrication processes to create a heterogeneous structure.
